This paper presents a simulation study into the implementation of the single star flying capacitor converter modular multi-level cascaded converter (SSFCC-MMCC) as a STATCOM for unbalanced load compensation. The paper proposes a new concept of voltage source current control for the reference current tracking of the compensated currents. This control strategy enables the STATCOM system to compensate for both positive sequence reactive and negative sequence currents. Not only compensates for unbalanced load, but also keep the module Dc-link and flying capacitor voltages maintained at their rated values. Simulation results verify the performance of the chosen topology.
Introduction
Current imbalance in power distribution systems is due to uneven distribution of single-phase loads, such as commercial facility loads, single-phase electric traction systems, rural electric systems, etc. causing mild voltage unbalance. Larger short-term unbalances can be caused by power system faults. The problem is exacerbated by the recent unprecedented growth of power electronic-based energy-saving schemes such as single-phase adjustable speed drives (ASDs) and switchmode power supplies, and the trend towards interfacing renewable energy sourced power generators, particularly photovoltaic panels, with the grid phase lines. The adverse effects of load unbalance include low power factor, added line losses and heating effects in power systems.
Voltage Source Converter-based Static Compensators (VSC-STATCOM) have been investigated as an effective mitigation technique for unbalanced operation. They are required to be able to actively compensate unbalanced load and override unbalanced conditions without over-current tripping. Hence in terms of control, these compensators, assuming lossless, need to generate negative sequence current to overcome load unbalance while simultaneously supplying positive sequence reactive current for power factor correction. The connection of a VSC-STATCOM to an unbalanced network causes the appearance of a second harmonic component on the converter's dc side. This, if not eliminated, generates low order harmonic current on the ac side resulting in further deterioration of the power quality [1] . The situation becomes particularly difficult when the unbalance is continually varying as occurs with large industrial loads such as arc furnaces. Various schemes reported have been shown to be effective for compensators based on converters with common dc links such as the two-level full-bridge or classical multilevel converters [1] . The general approach has been extracting, and hence eliminating, negative-sequence components from the load current and cancelling as much as possible the harmonic components on the dc-voltage. There is no issue of converter phase limb voltage imbalance even though they supply unbalanced current.
The Modular Multi-level Cascaded Converter (MMCC) have been investigated as an effective STATCOM device for balanced compensation [2] [3] [4] . Contrasting to their two-level converter-based form, the benefits offered by the MMCC are: scalability by using its modular nature to extend to any voltage levels required, thereby dispensing with the need for a multiwinding phase shifted line frequency transformer [5] , good waveform performance, and lower switching frequency. Also, the switching and clamping devices in the MMCC are rated at module power levels, enabling the use of low-rated devices and reducing the voltage stresses on them. This allows this topology to offer higher converter efficiency compared to classical multi-level converters. The three phase limbs of an MMCC-based STATCOM can be star or delta connected, named as single-star or single-delta. When using them for unbalanced load compensation a special problem occurs which must be addressed; cancellation of the negative sequence current leads to an undesired non-zero active power flow between phases, but, since the dc-links supplying the stacked modules are galvanically isolated. This, in turn, causes the individual dc-link voltages to drift away from their intended values. Different control methods have been reported in the literature [6] [7] [8] [9] to solve this problem for either star or delta configured MMCCs, but these are restricted to modules of full H-bridge topology. This paper presents a new STATCOM for unbalanced load compensation using a variant of the SSBC-MMCC [10] known as the single star flying capacitor converter MMCC (SSFCC-MMCC). Each module is a basic single phase three-level full bridge flying capacitor converter (3L-FCC) which synthesizes three voltage levels (0, ±0.5VDC, ±VDC) [11] . Comparing to the MMCC using H-bridge cells the main advantage of this topology is having more degrees of freedom in control at the sub-module level, hence it is more flexible for converters requiring high performance dynamic control. SSFCC-MMCC has been used in the literature for balanced STATCOM application [12, 13] , but not yet for unbalanced load compensation. In such a case the challenges, apart from those described above for SSBC-MMCC, also include keeping the module and flying capacitor voltages balanced. This leads to a new concept for a voltage source current control scheme used in tracking the three phase reference currents, and an efficient method for splitting the calculated zero sequence voltage will also be presented.
SSFCC-MMCC-based STATCOM and Power System Configuration
The circuit diagram of a SSFCC-MMCC-based STATCOM and the power system used for developing the control scheme are shown in figure 1 . The three phase voltages of the power network studied are balanced and rated at 230V, 10KVA, 50Hz and supplies power to the load through distribution lines with impedance represented as ZT= RT + jXT. At the Point of Common Coupling (PCC), two inductive loads are connected, one is balanced and another unbalanced, both rated at the same voltage 230V. These loads draw both reactive and unbalanced current from the source, causing low power factor, low efficiency and poor quality of supplied power. The STATCOM is interfaced to the PCC through a filter inductance Lc to reduce the harmonics generated by the converter switching action. Also, the power losses of the STATCOM are modelled by resistance Rc.
DC voltage imbalance in the SSFCC-MMCC
Under balanced operation this SSFCC-MMCC-based STATCOM is able to mitigate the reactive power, but when the load is unbalanced it faces challenging issue. This is because the average active power flowing through the converter is nonzero when load is unbalanced, but the isolated DC sources for the chained modules do not allow circulating current flowing within the converter phase limbs, resulting in module DC voltages imbalance. The non-zero active power can be analysed as follows.
Under unbalanced operation, the PCC voltages and compensation reference currents are written in phasor form as
Thus the total per phase active powers are expressed as
The first terms on the right-hand-side (RHS) of the above three expressions are the respective positive sequence phase powers which are balanced and hence having a zero sum. This implies that the average three phase power flowing through the STATCOM is zero. However the RHS second terms are cross products of positive sequence voltage and negative sequence current and result in undesired non-zero average active power (4) where nmp denotes the number of modules per phase and VDC_avg can be evaluated as
The positive sequence active current can be evaluated using a feedback P+I controller as shown in figure 2. 
Any two power equations in (6) can be chosen for use in determining the amplitude and phase angle of v0, assuming the first two are selected they can be written as: 
Converter Phase Reference Voltage Calculation
The reference voltage per phase limb of the converter should enable the current flowing to the PCC to compensate for reactive power and current imbalance created by the unbalance load. The current controller can be designed based on ) (
Where vsa, vsb and vsc are the line to neutral PCC voltages, vca, vcb and vcc are the converter output voltages, ira * , irb * and irc * are the reference compensated currents. This method ensures the usage of three voltage source current control for three phases of the converter. The voltage source current control is implemented using a predictive deadbeat control as expressed in (13) . Figure 4 shows the schematic diagram of the STATCOM controller. This comprises three parts based on their function, namely: the reference current and zero sequence voltage determination block, the current tracking controller and the modulator controller. Under the reference current and vo block, the reference currents to be compensated are determined along with the DC-link voltage control and vo. The current controller is implemented using the reference currents, PCC voltages, zero sequence voltage and STATCOM current as inputs to generate the converter reference voltage. This current control is actualized using the deadbeat predictive controller. The generated reference voltage s is inputted into the modulator to synthesize gate signals. The phase shifted PWM is employed for this operation as discussed in [12] . 
Control Scheme for a SSFCC-MMCC STATCOM

Simulation Result
Matlab Simulink has been used to implement the system configuration highlighted in figure 1 . iL, iC and iS denote the load, STATCOM and source currents respectively. The STATCOM controller is designed to compensate for both positive sequence reactive and negative sequence currents denoted as iLq and iLn respectively. The operating limit/range of the STATCOM controller is determined by the maximum attainable output voltage on each converter phase legs. This operating range is the ratio of the STATCOM converter DClink phase voltage VDC_(abc) to the line to neutral voltage of the power system VS_(abc) (VDC_(abc)/VS_(abc)). This operating limit determines the degree of unbalanced (In/ICq) compensated current. This implies that the converter voltage rating must be higher than the line to neutral voltage in other to compensate unbalance load current using star configured single star cascaded converters. For this simulated system, the DC-link phase voltage amplitude is VDC=300V and 230V for the line to neutral PCC voltage. The converter operates within its linear modulation region for In/ICq≤30.43%. Above this, the converter rides into over modulation region and with extreme high unbalance, the converter operating range becomes invalid.
In investigating the effectiveness of this STATCOM controller for SSFCC-MMCC two different scenarios are studied based on the exclusion and inclusion of the zero sequence voltage vo in the controller. The parameters of the power system are illustrated in With a further increment on the unbalanced level In/ICq=1.14/2.2=51.8%, the reactive component of the load current and negative sequence load current are still compensated for by the STATCOM as shown in figures 9(a) and (b) respectively. This degree of unbalance results in the converter controller working out of its operating range. This can be observed in figures 9(c) and (d) that the converter cannot work effectively resulting to the DC-link and flying capacitors drifting away from their actual rated voltages. 
Conclusion
This paper has discussed an SSFCC-MMCC based STATCOM operating under unbalanced condition. A Voltage Source Current Control Concept has been used in tracking the reference currents and obtaining the zero average power in each phase. An arm/per phase balancing technique along with a calculated zero sequence voltage vo has enable the DC-link and flying capacitor voltages of each module to be operated at their rated values. The operating limit of the STATCOM controller using SSFCC-MMCC is also analysed. This operating limit was found to depend on the maximum output voltage of each phase leg.
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